1. Introduction {#sec0005}
===============

Surfactants are widely used for industrial, agricultural, food, cosmetics and pharmaceutical applications. Most of these compounds are chemically synthesized and potentially causing environmental and toxicological problems [@bib0095], [@bib0150]. Therefore, microbial-derived surface-active compounds attract attention essentially due to their low toxicity, biodegradable nature [@bib0160][@bib0170], better environmental compatibility "Green Technology" and easily operated [@bib0025]. Recently, biosurfactants received much attention in nano biotechnology criteria [@bib0165], [@bib0130]. Furthermore, biosurfactants have antibacterial (inhibition activity of cell wall synthesis) [@bib0070], [@bib0135], antifungal and antiviral properties. They inhibit tumor growth and toxic effects, they also are immune stimulant and cell lysis (haemolysis) [@bib0020], they are less allergic, can be used as adhesive agents also, in vaccines and gene therapy [@bib0055]. Biosurfactants can be found in detergents, laundry formulations, household cleaning products, herbicides or pesticides, bioremediation, agriculture, textile, paper, petroleum industries, pharmaceutical and food-processing industry [@bib0030], [@bib0120]. Also, in enzyme stimulation and bio-regulatory effects [@bib0125]. They are important in plant pathogenicity, effective on migration of human neutrophils, respiratory action (anti-asthma activity) and food digestion [@bib0100], paint, cement, beer, beverages hygiene and cosmetics [@bib0115]. Furthermore, biosurfactants are usually effective at extreme environmental conditions and can be produced from renewable resources [@bib0045].

In this investigation, the power of response surface method using central composite design (CCD) had been explored to optimize biosurfactant production by *Bacillus brevis.* Therefore, in this study, the effect of temperature (A), pH (B), incubation period (C) and glucose concentration (D) for maximizing biosurfactant production by *B. brevis* using central composite design had been evaluated and validated, experimentally.

2. Materials and methods {#sec0010}
========================

2.1. Microorganism and culture conditions {#sec0015}
-----------------------------------------

Different samples were collected from oil contaminated soil and sediment of mangrove trees. To isolate bacteria, these sample were cultured on the following medium [@bib0015] (g/L): NaNO3 (2.0), KCl (0.5), Na2HPO4H2O (1.0), KH2PO4 (1.0), CaCl2 (0.025); MgSO4 (0.1), FeSO4.7·H2O (0.001) and 2 ml/L trace element solution containing the following ingredients (mg/L): FeCl3·6H2O (60), ZnSO4·7H2O (600), MnSO4·H2O (200), CuSO4·5H2O (590), CoCl2·6H2O (60). The pH of the medium was adjusted to 7.0 and sterilized by autoclaving at 121 ∘C for 20 min. A potent biosurfactant-producing bacterium has been isolated from the sediment of mangrove trees (Makadi vallige, Hurghada region, Egypt), purified and characterized. This isolate has been identified based on 16S-rRNA. The pure culture was preserved at (4 °C) and subculturing was done every month.

3. Biosurfactant productivity tests {#sec0020}
===================================

3.1. Hemolytic activity {#sec0025}
-----------------------

A pure culture of each bacterial isolate was streaked on the freshly prepared blood agar and incubated at 37 °C for 48--72 h. Results were recorded based on the type of clear zone observed [@bib0105], [@bib0175].

3.2. Oil spreading method {#sec0030}
-------------------------

Oil spreading technique was carried out according to the method described by Satpute et al. [@bib0155]. Briefly, 50 mL of distilled water was added to the Petri plate followed by addition of 100 μL of olive oil to the surface of the water. Then, 10 μL of cell-free culture broth was dropped on the crude oil surface. The diameter of the clear zone on the oil surface was measured and compared to 10 μL of distilled water as a negative control.

3.3. Emulsification activity (E24) {#sec0035}
----------------------------------

The emulsification activity was measured using the method described by Plaza et al. [@bib0110]. About 2 mL of olive (crude oil) and 2 mL of cell-free medium (supernatant) were inoculated to a test tube and homogenized by vortexing at high speed for 2 min. After 24 h, the emulsification activity was calculated using following formula:

E24 (%) = total height of the emulsified layer/total height of the liquid layer [@bib0075].

3.4. Identification of bacterial isolate {#sec0040}
----------------------------------------

The most efficient biosurfactant producer bacterial isolate was then identified as *B. brevis* using 16S rRNA analysis Procedure, which has been performed at Macrogen company (Korea) and used for the current investigation.

3.5. Foam height analysis {#sec0045}
-------------------------

Foaming ability was determined according to Abou seoud et al. [@bib0005]. *B. brevis* was grown in 250 mL Erlenmeyer flask, containing 50 mL of nutrient broth medium. The flask was incubated at 33 °C on a shaker incubator (200 rpm) for 96 h. Foam activity was detected as the duration of foam stability, foam height and foam shape in the graduated cylinder.

3.6. Experimental design {#sec0050}
------------------------

Central composite design (CCD) model, based on four factors and five levels was used to study the effect and interactions between temperature (A) in the range between 25 and 35 °C, pH (B) in the range between 6 and 8, incubation period (C) in the range between 3 and 7 days and glucose concentration (D) between 5 and 15 g/L for maximum production of biosurfactant by *B. brevis* ([Table 1](#tbl0005){ref-type="table"}). Experimental designs were performed using Design-Expert software (Stat-Ease Inc., Minneapolis, MN, USA, *ver* 7.0.0). A total of 108 experiments were employed in CCD to estimate curvature and interaction effects of selected variables, and finally, significance of the obtained model was checked by *t*-test (calculated *p*-value) and goodness of fit by multiple correlations as well as determination 2 coefficients. Emulsification index (E24) was the measured experimental response.

3.7. Experimental validation of statistical model {#sec0055}
-------------------------------------------------

The response surface model and the optimum conditions were tested and validated in four replicas and recorded as (mean ± standard deviation).

3.8. Statistical analysis {#sec0060}
-------------------------

Analysis of variance (ANOVA) was used to estimate the statistical parameters for optimization of culture conditions. A probability value of \<0.05 was used as the criterion for statistical significance.

3.9. Extraction and recovery of biosurfactant {#sec0065}
---------------------------------------------

According to optimized conditions, *B. brevis* was grown in 500 mL Erlenmeyer flask containing 100 ml mineral salt broth medium. To extract the biosurfactant, the bacterial cells were removed by centrifugation and the remaining supernatant was filtered through a 0.50 mm pore size filter. The cell free supernatant was acidified, using 1 M H~2~SO~4~. Then, equal volume of chloroform: methanol (2:1) was added, this mixture was shaken well. The solvent layer was separated from aqueous phase and lift overnight for evaporation to concentrate biosurfactant. For further purification the crude surfactant was dissolved in distilled water at pH 7.0 and dried at 60 °C. The dry product was extracted with Chloroform: Methanol (65:15), filtered and the solvent evaporated. Sediment was obtained as a result *i.e.*, the biosurfactant [@bib0155]. The Grey white precipitate thus obtained was centrifuged for 20 min, dried, and was gravimetrically weighted expressed as g/L [@bib0065].

3.10. Temperature and pH stability profiles {#sec0070}
-------------------------------------------

For **thermal stability**, the cell-free broth of *B. brevis* was maintained at constant temperatures in the range 30--80 °C for 30 min [@bib0085]. and then cooled to room temperature, before measuring the emulsification activity. For pH stability, the cell-free supernatant was adjusted to various pH values from 4 to 9 with 1 N HCl or 1 N NaOH [@bib0080]. The emulsifying indexes were measured after fifteen minutes.

3.11. Antibacterial activity {#sec0075}
----------------------------

Antibacterial activity of partially purified BS of *B. brevis* was evaluated using agar diffusion method [@bib0090]. Twenty ml nutrient agar medium were poured in Petri plate. An aliquot (0.05 ml) of (*Escherichia coli*) inoculum was introduced to the molten agar. After solidification, the appropriate well was made on agar plate using sterile cork-borer, 6.0 mm, in which, 50 μl of partially purified BS was added, and distilled water was added to another plate as control. The plates were incubated at 30 °C for 48 hours. The presence of clear zone marked the antibacterial activity of BS (all experiments were performed in duplicates).

4. Results and discussion {#sec0080}
=========================

Biosurfactants are attracting a pronounced interest owing to their potential advantages over their chemical counterparts [@bib0040]. In accordance with Saimmai et al. [@bib0145], twenty bacterial isolates were screened with different screening tests (hemolytic activity, oil spreading technique and Emulsification activity) to find the most efficient biosurfactant producer ([Table 2](#tbl0010){ref-type="table"}).

*B. brevis* (number 7) showed good ability to emulsify olive oil and to disperse the oil ([Fig. 2](#fig0010){ref-type="fig"}).

4.1. Identification of the efficient biosurfactant producer {#sec0085}
-----------------------------------------------------------

Strain No.7 was identified morphologically and physiologically according to Holt Manual of Determinative Bacteriology [@bib0060]. Cells of *B. brevis* were gram-positive, aerobically rods, motile, spore-former, with positive catalase activity, amylase negative, casein negative, gelatinase positive, and indole negative, with the optimal growth of 35--55 °C.

4.2. Partial sequencing {#sec0090}
-----------------------

The strain was reclassified into genus *Brevibacillus.* Where identification was confirmed with 16S rDNA sequence analysis. 16S rDNA gene was amplified by polymerase chain reaction (PCR) using forward and reverse primers. Hence, the strain was identified as *B. brevis* as shown in the phylogenetic tree ([Fig. 1](#fig0005){ref-type="fig"}).

In this investigation, we have explored the power of response surface method using central composite design (CCD) to optimize biosurfactant production by *B. brevis*. Also we evaluated and validated, experimentally, the effect of Temperature (A), pH (B), Incubation period (C) and Glucose concentration (D) on maximization of biosurfactant production by *B. brevis* using central composite design. Based on the CCD, the experimental levels of Emulsification Index (E24) under each set of conditions were determined and compared with the corresponding predicted levels suggested by Design-Expert ([Table 3](#tbl0015){ref-type="table"}).

Quadratic model was found to be the "best fit model" for the Emulsification Index (E24) response with the highest -value in case of sequential model sum of squares and the lowest *F*-value in case of lack of fit test when compared to other models. The quadratic model has the standard deviation of 7.97, R-squared of 0.7643, adjusted R-squared of 0.6699 and PRESS of 8180.44. These results show that the model can be used for the navigation of biosurfactant model space.

The Model F-value of 21.31 implies the model is significant. There is only a 0.01% chance that a "model *F*-value" this large could occur due to noise. Values of "Prob \> *F*" less than 0.05 indicate model terms are significant. In this case, A, B, C, D, AB, A2, D2 are significant model terms. The "lack of fit *F*-value" of 238.73 implies the lack of fit is significant. There is only a 0.01% chance that a "lack of fit -value" this large could occur due to noise.

The regression equation obtained after ANOVA ([Table 4](#tbl0020){ref-type="table"}) indicated that the "Pred R-Squared" of 0.6699 is in reasonable agreement with the "Adj R-Squared" of 0.7284. "Adeq Precision" of 18.306-which measures the signal to noise ratio-indicates an adequate signal and this model can be used to navigate the design space.

4.3. Final equation in terms of coded factors {#sec0095}
---------------------------------------------

*Emulsification Index (E24)* = (57.14) + (6.36 ×* A*) + (7.27 × *B*) + (3.11 × *C*) + (2.33 × *D*) + (4.59 × *A *× *B*) + (0.10 × *A *× *C*) − (1.27 × *A *× *D*) + (0.69 × *B *× *C*) + (1.59 × *B *× *D*) − (1.13 × *C *× *D*) − (7.90 × *A*^2^) − (1.58 × *B*^2^) + (0.75 × *C*^2^) − (3.62 × *D*^2^)

where, A: Incubation temperature (C); B: pH; C: Incubation period (days); D: Glucose concentration (g/L).

4.4. Point prediction and verification {#sec0100}
--------------------------------------

The optimum conditions for maximum biosurfactant productivity by *B. brevis* (79.96%) were predicted from the produced model as follows: 33 °C for incubation temperature, 8 for pH, 10 for incubation period and 8.5 for glucose concentration. This predicted point was experimentally verified and the emulsification index was 71.89 ± 0.56%. These results reveal a good correlation between the predicted and actual experimental values and this model is well-representing biosurfactant production by *B. brevis* ([Fig. 3](#fig0015){ref-type="fig"})

The semi-purified biosurfactant produced by *B. brevis* showed higher stability at alkaline conditions than acidic conditions. These results are in agreement with [@bib0050], [@bib0010]. In addition, *B. brevis* biosurfactant was thermally stable in a range of 30--80 °C. Similar behavior was observed with other strains [@bib0050], [@bib0140]. The aqueous solution of the partially recovered biosurfactant showed good foaming ability more than 50% and stability for more than 6 h. This result, is in accordance with El-Shahawy and Hussien [@bib0035] ([Fig. 4](#fig0020){ref-type="fig"}).

5. Conclusion {#sec0105}
=============

The response surface method allowed the development of a polynomial model for the production of biosurfactant by *B. brevis*. The model was able to foresee accurately the BS production by changing pH, temperature, incubation period and glucose concentration. Application of such models is of great importance for making the process industrially viable.

![Phylogenetic tree based on 16S rDNA gene sequencing, showing the phylogenetic relationship of *Bacillus brevis* within representative species of the genus Bacillus.](gr1){#fig0005}

![(a) Biosurfactant positive *Bacillus brevis* shows oil spreading; (b): emulsification test for *Bacillus brevis*; (c) foam forming activity for *Bacillus brevis*; (d): zone of clearance showing antimicrobial activity of *Bacillus brevis*.](gr2){#fig0010}

![Response surface plot for the interactions between different selected factors.](gr3){#fig0015}

![Biosurfactant stability at different pH (A) and different temperatures (B).](gr4){#fig0020}

###### 

Central Composite design runs showing factors and their levels (based on actual value).

  -----------------------------------------------------------------------------------------------------------------------------------------------------
  Run                                            Run type    (*A*) Incubation temperature (°C)   (*B*)\   (*C*)\               (*D*)\
                                                                                                 pH       Incubation period\   Glucose concentration\
                                                                                                          (days)               (g/L)
  ---------------------------------------------- ----------- ----------------------------------- -------- -------------------- ------------------------
  1, 26, 59, 71                                  Factorial   25                                  6        3                    5

  2, 20, 94, 100                                 Factorial   35                                  6        7                    5

  3, 9, 34, 37, 42, 50, 57, 58, 65, 70, 84, 95   Center      30                                  7        5                    10

  4, 19, 55, 81                                  Factorial   35                                  6        3                    5

  5, 47, 88, 91                                  Factorial   25                                  8        7                    5

  6, 15, 68, 108                                 Factorial   25                                  8        7                    15

  7, 38, 83, 96                                  Factorial   25                                  6        7                    5

  8, 52, 63, 99                                  Axial       30                                  5        5                    10

  10, 54, 79, 90                                 Axial       30                                  7        1                    10

  11, 21, 62, 92                                 Axial       20                                  7        5                    10

  12, 13, 93, 78                                 Factorial   25                                  6        7                    15

  14, 29, 101, 102                               Factorial   35                                  8        3                    5

  16, 46, 77, 98                                 Factorial   35                                  6        3                    15

  17, 22, 60, 64                                 Factorial   35                                  6        7                    15

  18, 43, 76, 103                                Factorial   35                                  8        3                    15

  23, 32, 56, 61                                 Axial       30                                  7        5                    0

  24, 33, 87, 104                                Factorial   35                                  8        7                    5

  25, 31, 67, 89                                 Factorial   25                                  8        3                    5

  27, 30, 74, 105                                Factorial   25                                  6        3                    15

  28, 53, 82, 97                                 Axial       30                                  9        5                    10

  35, 40, 75, 107                                Axial       30                                  7        9                    10

  36, 41, 73, 86                                 Axial       40                                  7        5                    10

  39, 51, 66, 80                                 Factorial   25                                  8        3                    15

  44, 45, 69, 85                                 Factorial   35                                  8        7                    15

  48, 49, 72, 106                                Axial       30                                  7        5                    20
  -----------------------------------------------------------------------------------------------------------------------------------------------------

###### 

Screening for biosurfactant producing isolates by preliminary and complementary screening methods.

  --------------------------------------------------------------------------------
  Isolate\   Hemolytic activity   Oil displacement area\   Emulsification index\
  No.                             (cm^2^)                  (%)
  ---------- -------------------- ------------------------ -----------------------
  1          −                    2.2                      0

  2          −                    1.8                      0

  3          \+                   4.4                      0

  4          −                    1.4                      6.4

  5          \+                   4.6                      0

  6          \+                   4.2                      0

  7          +++++                28.2                     46.6

  8          \+                   3.6                      0

  9          ++                   2.8                      24.2

  10         \+                   2.6                      20.2

  11         +++                  12.2                     26.4

  12         ++                   2.2                      22.6

  13         \+                   3.1                      18.8

  14         +++                  16.8                     24.4

  15         ++                   3.6                      22.6

  16         ++                   2.8                      23.6

  17         ++                   2.9                      24.3

  18         \+                   1.4                      16.6

  19         ++                   2.8                      22.4

  20         ++                   2.4                      22.6
  --------------------------------------------------------------------------------

###### 

Central composite design runs with actual and predicted response values.

  -------------------------------------------------------------------------------------------------
  Run   Emulsification\   Run     Emulsification\   Run     Emulsification\                 
        index (E24)%              index (E24)%              index (E24)%                    
  ----- ----------------- ------- ----------------- ------- ----------------- ----- ------- -------
  1     28.88             30.55   37                57.33   57.40             73    28.88   38.02

  2     51.55             43.72   38                36      37.44             74    31.11   36.31

  3     57.77             57.40   39                42.66   43.98             75    63.11   66.09

  4     44.44             36.43   40                62.22   66.62             76    66.66   62.64

  5     50.22             41.01   41                30.22   38.54             77    29.33   37.11

  6     44                49.12   42                58.66   57.40             78    34.88   38.69

  7     36.44             37.44   43                66.44   63.16             79    54.22   53.66

  8     42.88             36.53   44                72.24   68.70             80    32      43.46

  9     57.55             57.40   45                70.66   68.70             81    44      35.90

  10    54.44             54.18   46                29.55   37.64             82    55.55   65.09

  11    17.55             13.08   47                51.11   41.01             83    35.55   36.92

  12    33.77             39.21   48                63.55   47.59             84    56.44   56.88

  13    34.66             39.21   49                62.66   47.59             85    71.77   68.18

  14    60                55.60   50                56.88   57.40             86    30.66   38.02

  15    42.22             49.12   51                43.11   43.98             87    71.11   65.14

  16    29.77             37.64   52                41.33   36.53             88    51.33   40.48

  17    35.77             40.42   53                56.44   65.61             89    38.22   30.83

  18    66.66             63.16   54                54      54.18             90    53.33   53.66

  19    43.11             36.43   55                43.11   35.90             91    49.77   40.48

  20    51.11             43.72   56                18.88   37.74             92    17.33   12.56

  21    17.77             13.08   57                56.88   56.88             93    35.11   38.69

  22    34.66             40.42   58                55.55   56.88             94    52.22   43.20

  23    17.55             38.26   59                29.33   30.03             95    57.77   56.88

  24    70.66             65.66   60                34.22   39.89             96    36.88   36.92

  25    37.78             31.35   61                18.66   37.74             97    56      65.09

  26    29.55             30.55   62                18.22   12.56             98    28.88   37.11

  27    33.33             36.83   63                42.88   36.00             99    42.26   36.00

  28    55.11             65.61   64                35.55   39.89             100   50.66   43.20

  29    62.22             55.60   65                57.33   56.88             101   61.77   55.08

  30    32.44             36.83   66                32.88   43.46             102   62.24   55.08

  31    37.55             31.35   67                37.77   30.83             103   62.22   62.64

  32    19.33             38.26   68                43.55   48.60             104   72.44   65.14

  33    72                65.66   69                71.11   68.18             105   31.33   36.31

  34    56.88             57.40   70                56.66   56.88             106   64.44   47.06

  35    62.44             66.62   71                28.84   30.03             107   63.33   66.09

  36    29.77             38.54   72                62.22   47.06             108   42.22   48.60
  -------------------------------------------------------------------------------------------------

###### 

Results of ANOVA for the produced Emulsification index (E24) quadratic model.

  ---------------------------------------------------------------------------------------------
  Source                         Sum of squares   Df    Mean square   *F*-value   *p*-value\
                                                                                  prob \> *F*
  ------------------------------ ---------------- ----- ------------- ----------- -------------
  Model                          18939.63         14    1352.83       21.31       \<0.0001

  *A*---incubation temperature   3888.251         1     3888.25       61.25       \<0.0001

  *B*---pH                       5075.914         1     5075.91       79.96       \<0.0001

  *C*---incubation period        928.0241         1     928.02        14.62       0.0002

  *D*---glucose concentration    521.7338         1     521.73        8.22        0.0051

  AB                             1350.379         1     1350.38       21.27       \<0.0001

  AC                             0.64             1     0.64          0.01        0.9202

  AD                             103.0225         1     103.02        1.62        0.2059

  BC                             30.52563         1     30.53         0.48        0.4898

  BD                             161.0361         1     161.04        2.54        0.1147

  CD                             81.49576         1     81.50         1.28        0.2601

  A^2^                           5322.283         1     5322.28       83.84       \<0.0001

  B^2^                           213.9541         1     213.95        3.37        0.0696

  C^2^                           47.88008         1     47.88         0.75        0.3874

  D^2^                           1118.049         1     1118.05       17.61       \<0.0001

  Residual                       5840.466         92    63.48                     

  Lack of fit                    5799.028         34    170.56        238.73      \<0.0001

  Pure error                     41.43782         58    0.71                      

  Cor total                      24787.48         107                             
  ---------------------------------------------------------------------------------------------

\* Values of "prob \> F" less than 0.05 indicates model terms are significant.
